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PART 1

INTRODUCTION

A substantial increase in the operating temperature of gas
turbines has been the impetus behind the demand for high temperature
materials possessing adequate properties for use in the hot stage. In
this section the turbine blades are subjected to temperature excursions
in a very hostile environment. Several directionally solidified eutec~
tic alloys based on nickel have been identified as candidate blade ma-
terials. Creep, fatigue and other mechanical properties which are suit-
able for turbine operating conditions must be demonstrated by these
aligned eutectics if they are to compete with single crystal and oxide
digpersion strengthened superalloys.

Much work has already been done on the high cycle fatigue of
eutectic composites, although few studies have dealt with microstructur-
al effects on fatigue life. To date, the only research incorporating
such effects has been conducted in our own laboratory on model eutectic
systems.(l-s) Significant effects of frequency and post solidification
heat treatments on the elevated temperature fatigue properties were re-
vealed.

In view of these results, the present program was undertaken

to study microstructural effects on the high temperature, high cycle

fatigue behavior of three candidate turbine blade alloys. These in-
cluded Nitac 14B, AG-170 and Cotac 744, reinforced respectively by TaC,

Mo and NbC fibers. All three rely on ordered Y' (Ni3Al) particles for
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strengthening. Once again, frequency and post solidification heat
treatment were the variables introduced into the test program. Varying

the frequency should also aid in determining the importance of a creep

effect on the high temperature fatigue lives.
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PART 2

HISTORICAL REVIEW

Over the last decade, considerable advances have been made in
the area of directionally solidified eutectic composites. Both the
physical and mechanical properties, as well as the solidification pro-
cess, have been extensively characterized for various aligned eutectic
systems. This review will focus on the alloy systems under present in-
vestigation, namely Nitac, Cotac and Ni-Al-Mo, General reviews of eu-

(6-8)

tectic composites should be consulted for more detailed information

on this topic.

2.1 Alloy Development

The early D.S. eutectics were found to have limited usefulness
due to numerous inadequacies, including low thermal fatigue resistance,
low creep shear strength and poor transverse properties. Extensive al-
loying additions have been employed as a means for overcoming these
problems and improving mechanical properties. This has led to the de-

velopment of a second and third generation of in-situ composites.

2.1.1 Nitac 14B

The Nitac system appears to offer the best potential for tur-
bine blade application because of its good balance of strength, ductil-
ity and toughness. Nitac alloy development has been fruitful and signi-
ficant strength improvements have been achieved. The high strength

Nitac 143(9) alloy is the most advanced alloy in the series, differing




.....................................
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from its most recent predecessor, Nitac 13, primarily in the elimination
of vanadium and the addition of boron. The boron addition was found to

increase transverse ductility. Nitac 14B also has demonstrated slightly

improved creep resistance for temperatures exceeding 870°C and consider-
ably better oxidation and corrosion resistance. These improvements over
the base alloy, Nitac 13, should prove beneficial.

The Nitac 14B structure consists of a strong, ductile fcc ¥
matrix containing 60 vol Zof y' precipitates and brittle carbide rein-

forcing fibers which comprise of 3-5 vol Z of the structure. Previous
(10,11)

-TI\YI',“'V‘Hr
" Al : S .

work at G.E. has confirmed the growth direction of both the TaC

fibers and the Y' strengthened Y matrix as <100 >.

2.1.2 Cotac 744

Early Cotac alloys were originally composed of TaC fibers in
a Co-base matrix. The small volume fraction of carbide fibers accounted
for a major portion of the strength of these systems in the absence of

* *
Y' precipitates. The forerunners in this family, Cotac 3 and Cotac 33,

were both found to have insufficient thermal cycling resistance at ele-

i vated temperatures.(lz) Cotac 74* and Cotac 741* were developed to

r overcome this problem. However, their creep strengths were subsequently
proved deficient at low and intermediate temperatures.(l3) These alloys

L also exhibited lower strength at these temperatures than the IN 100

superalloy for lives of 1000 hours and less.

* Cotac 3: Co-10Ni-20Cr~-13.2Ta-0.78C (weight percent)
Cotac 33: heat treated version of Cotac 3
Cotac 74: Ni-20Co~10Cr-10W-4Al1-4.9Nb-0.6C
Cotac 741: Ni-10Co-10Cr-10W=-5A1=-4,7Nb=-0,5C
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Cotac 744, a 47 Cr modification of Cotac 74, is the latest
alloy in the series. It was developed at ONERA in France and consists of
NbC fibers, directionally solidified in a Ni-base matrix. Like Nitac 14B,
Cotac 744 is based on the simple pseudo-binary Ni-MC eutectic. ¥bC fibers,
rather than TaC, were chosen as the reinforcing phase because of their
higher acceptable volume fraction and lower density.

The new Cotac alloy shows optimized mechanical properties, in-
cluding superior tensile and creep properties, excellent structural sta-
bility, and satisfactory oxidation and corrosion resistance. This advanc-
ed alloy in the Yy/y'-NbC system exhibits a very unique phenomenon, the
"Length memory effect". It can be explained as a recovery of initial
specimen length, upon heat treatments after creep, and a restoration of
the creep strength.

Maroni et al.(ls)

found the y/y'-NbC composites to have a colum-
nar morphology with both the fibers and the matrix solidifying in the
<100 > growth direction. The fibers possess a square cross-section having

{110} facet planes and {100} truncated planes. The two phases are semi-

coherent.

2.1.3 AG-170

The Ni-Al-Mo system proves especially interesting because of
the ductile nature of its reinforcement. Its high temperature strength
and ease of processing could prove beneficial for turbine applications.
The first generation of alloys in this series was developed and tested

(16) reported on the AG-8 and AG-15

(5,17)

as early as 1975. Jackson et al.

alloys. Reasonable strengths and ductilities were observed. AG-34
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(18)

and AG-60 proved superior to these. AG-170 offers an even further

improvement beyond AG-60, displaying the best balance of properties in
the series. Its most significant advantage is improved longitudinal and
off-axis ductility which contribute to its high transverse strength. It
is also noted for its strong response to heat treatments.

AG~170 like the earlier alloys in the series, directionally
solidifies with a <100 > growth axis for both ductile phases. The (100)Y
is parallel to (110)a at the fiber/matrix interface. Fiber volume frac-

tion varies from 15 to 20 percent depending on the composition location

on the liquidus in the ternary phase diagram.(lg)

(20)

Tartaglia has written a review of the physical metallurgy

of the Ni-Al-Mo system. Similar work performed by Henry(lg) and

Tartaglia(zo)

has proved the existence of a eutectic between y and q,
where Y is an fcc Ni-base matrix containing o bcc Mo-base fibers. The
alloys solidify as y-o with subsequent precipitation of y' from the Y
matrix. The Yy can be completely consumed by y' precipitation for suffi-

ciently high Al contents. This refutes the earlier work of Lemkey(zl)

who reported the system to have a Y'-q eutectic from 8 w/o Al dowmn to

5 w/o Al and a y-a eutectic at lower Al contents.

2.2 Tensile Strength

Directionally solidified eutectics are noted for their high
strengths at elevated temperatures. Their strengths remain rather high
with increasing test temperature until the melting point is reached.
Above 1000°C most eutectic alloys are stronger than conventional super-

alloys. Appreciable ductilities also have been demonstrated by the
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aligned eutectics even when reinforced by brittle fibers (e.g. Nitac and
(8.23))

Cotac alloys
A comparison of the effect of temperature on tensile strengths

l.(24) Cotac 74

of several advanced aligned eutectics is shown in Fig.
is seen to be the strongest at room temperature, while Nitac 13 proves
superior at temperatures exceeding 1000°C. Tensile results of the al-
loys under investigation have since been published.

Cotac 744 has been found to have much better high temperature

(13,18 1eq ulei-

strength and ductility than the earlier Cotac alloys.
mate tensile strength decreases monotonically with increasing temperature.
The elongation reaches a maximum at 950°c.

The Y/Y'-Mo alloy, AG-170, is weaker in longitudinal strength
than Nitac 14B and Cotac 744 over most of the temperature range of in-
terest.(zz) It does héve an advantage in tensile elongation for the
transverse orientation. Like Cotac 744, this alloy undergoes a decrease
in tensile strength with increasing temperature. However, the yield
strength experiences an increase until it reaches its maximum at 850°¢c.
This unusual increase in the yield strength of Y' with temperature is
characteristic of alloys containing y' as one of the phases. It is

responsible for the good strength retention of in-situ composites at

elevated temperatures.

2.3 Creep

The microstructural stability of aligned eutectics contributes
to their excellent creep and stress rupture properties. Generally, this

class of materials exhibits creep and stress rupture properties which are
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superior to conventionally cast superalloys.

If the steady-state creep rate is expressed by an Arrhenius

equation:

e, = A ® exp (-Q/RT)

directionally solidified eutectics are found to have high stress sensi-

tivities, n, and high activation energies, Q, when compared to conven-

(8,24,25)

tional alloys. The high activation emergy for creep of eutec-

tics has been attributed to slowed diffusion in the ordered intermetal-~

(26)

lic compounds or reinforcing carbides. The stress sensitivities

have been measured for several eutectic alloys. (Co,Cr)-(Co,Cr)7C3(27)

(28)

and Ni—Niij have stress components of 7 and 22, respectively.

(29)

Nitac has a stress expoment in the 15-22 range. Most conventional

metals and alloys have n's varying between 3 and 5. The stress sensi-

tivities of some in-situ composites appear to be temperature or stress

(28,30,31)

dependent. Therefore, the above equation may not be the most

suitable formulation for creep of eutectics.
Creep strength, like temsile strength, can be improved by de-~

creasing the interphase spacing. Several investigators have carried out

(30,32)

studies in this area. Cellular microstructures obtained at high

growth rates lead to inferior stress rupture properties, as shown by

(33

Jackson et al. for AG-~15. A large fiber volume fraction and in-

(8)

creased phase alignment also lead to increased creep resistance,
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Aside from these microstructural factors, post solidification heat
treatments may be utilized to reduce creep damage. For example, heat

treatment of Cotac 3 precipitates fine TaC particles between the fibers.

The heat treated version, termed Cotac 33, results in a major improve-

- ment in stress rupture resistance of CoTaC alloys.(34)
Cotac 74 and 741, hardened by Y' precipitates and rein‘orced

by NbC fibers, showed creep strengths which are sdperior to the best

current superalloys only at high temperatures.(sa)

However, it is dif-
ficult to compare these Cotac-type composites with superalioys since a

small drop in stress increases the rupture life almost tenfold. Their

ANAS P DRI ~ DR

real potential is only evidenced through long duration tests (i.e. at
least 1000h). Cotac 744 was developed because of the inferior creep
ﬁ! lives of Cotac 74 and Cotac 741 at low and intermediate temperatures.

b It was successfully shown to have creep lives an order of magnitude

b longer than Cotac 74.(13) In terms of 1000h density corrected strength,
F Cotac 744 has a much higher creep strength than 1IN 100 at all tempera-

: tures. It has also been reported to have comparable or superior creep
J‘ strengths to Mar M200 at 850°C - 990°, (13

; One of the most unusual aspects of this alloy is the improve-
F ment of its creep rupture life by a few simple re-heat treatments.(IA)

The re-heat treatment of creep-tested, heat-treated Cotac 744 specimens
- resulted in the restoration of creep strength in addition to the recov—-

ery of the initial length. This phenomenon, the "length memory effect"”,

is attributed to the removal of stress concentrations against the fibers

b upon re-heat treatment,

T—p—

PP o > - " LD SO PR A PGP Or UL " P P - P i, i J




P

——
. &

11

Cotac 744 has similar rupture lives to Nitac 13 at stresses
under 200 MPa. Although Nitac 13 exhibits good rupture properties,
Woodford(35) has shown that extensive oxidation of this alloy occurs
in air, especially for long time tests. An advanced Nitac alloy, Nitac
14B, has revealed a slight improvement in stress rupture properties
above 870°C. Coating of this alloy results in an increase in creep
tesistance.(36)

Two Y/Y'-Mo alloys, AG-15 and AG-34, have been found to have
equivalent stress rupture properties to Nitac 13 at high temperatures

and low stresses. (33)

At high stresses Nitac 13 remains superior.
AG-170, the newest alloy in this series, exhibits improved longitudinal
stress rupture strength at low stresses and high temperatures. Its low
temperature properties are also improved by utilization of a proper

coating.(zz)

In the transverse orientation, AG-170 offers a significant
strength advantage over other eutectics at high stresses.

The Y/Y'-Mo system behaves quite differently from conventional
superalloys and other directiomally solidified eutectics in resistance

(22)

to creep deformation. Nitac 13 and other conventional superalloys
creep to 1% elongation in approximately half of their rupture lifetime,
The same elongation for AG-170 occurs in as little as 10% of its life-

time. At 1000°C, Cotac 744 elongates 4~107 before rupture.

2.4 Fatigue

High cycle fatigue response in most materials can be roughly

correlated with tensile strengthk. Thus, in parallel with tensile
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strength, the fatigue strength of D.S. eutectics is generally out-

standing both at ambient and elevated temperatures. The aligned eutec-
tics exhibit superior fatigue properties when compared with convention-
al superalloys. The ratio of endurance limit to ultimate tensile

strength has been used as a measure of relative fatigue resistance. A

plot of fatigue ratio versus number of cycles to failure at 25°C is

(24)

shown in Fig. 2 for several eutectic systems. All the alloys have

(4)

ratios in excess of 0.4. Grossman and Stoloff have reported an out-

standing value of 0.84 for Y/Y'-6. These values are considerably

greater than 0.25 for many conventiomnal superalloys.(37)

The excellent fatigue properties of in-situ composites have

been attributed to several factors. One advantage is the elimination

)]

of grain boundaries perpendicular to the stress axis, This requires

fracture to occur by a transgranular path which is slower than inter-
granular cracking. Obviously the reinforcing phase plays an important
role in resisting fatigue. The reinforcement often has a high load-

(38)

carrying capacity. Thus, the overall load on the matrix is reduced,

matrix fatigue cracks are diverted out of preferred paths, and crack
propagation is retarded. Fatigue resistance is governed by the matrix
as well, whereby strong, ductile matrix materials are abl